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Summary

An active noise control system for ducted fan noise was built that uses actuators
located in stator vanes. The actuators were piezoelectric benders manufactured
using the THUNDER technology and were custom designed for the application.

The active noise control system was installed in the NASA ANCF rig. Four actuator
arrays with a total of 168 actuators in 28 stator vanes were used.

Simultaneous reductions of acoustic power in both the inlet and exhaust duct were
demonstrated for a fan disturbance that contained two radial mode orders in both
inlet and exhaust. Total power levels in the target modes were reduced by up to 9
dB in the inlet and total tone levels by over 6 dB while exhaust power levels were
reduced by up to 3 dB. Far field sound pressure level reductions of up to 17 dB
were observed.

A simpler control system, matched to the location of the disturbance with two ra-
dial actuator arrays, was demonstrated to control total acoustic power in four dis-
turbance modes simultaneously in inlet and exhaust.

The vane actuator met the requirements given for the ANCF, although in practice
the performance of the system was limited by the constraints of the power ampli-
fiers and the presence of control spillover. The vane actuators were robust. None
of the 168 vane actuators failed during the tests.
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Chapter 1

Introduction

One of the major sources of noise from the engines of modern commercial jet air-
craft is the noise from the large fan at the front of the engine. High by-pass gas
turbine engines derive most of their thrust from this fan which is driven by the tur-
bine and pushes air though the by-pass duct around the engine core. The swirling
motion of the air from the fan is straighten by fan exit guide vanes. An interaction
between the flow from the fan and the stator vanes produces a characteristic tone
known as fan/stator interaction noise. This tonal noise is a significant component
of community noise metrics.

Control of fan/stator interaction noise is tackled either by modifying the source
of the disturbance or by preventing transmission and radiation of the sound in
and from the fan duct. Source control methods include measures such as select-
ing the number of fan blades and stator vane to ensure that only a few acoustic
disturbance modes are generated, and modifying the geometry of the stator vanes
through sweep and lean. Transmission control methods are predominantly the
modification of the acoustic impedance of the lining of the fan duct wall to absorb
or reflect the acoustic modes of the disturbance.

As the disturbance is tonal, active noise control has potential as a solution to fan-
/stator interaction noise. Experimental investigations of active noise control have
been transmission control methods; acoustic actuators mounted in the duct walls
are used to reflect or absorb the modes of the disturbance [1, 2].

Vane actuators offer a method of applying active noise control at the source of the
disturbance [3]. As both the unsteady forces of the fan wake passing over the vane,
and the acoustic sources of the vane actuators are at the same location, then there
is a potential efficiency benefit over active noise control systems that use actuators
in the duct walls.



ANCEF Vane Actuator ANC 8

Analytical studies of the active control of fan noise using vane actuators [3, 4] have
suggested that the technique may be feasible.

This report describes the development of an active noise control system that uses
vane actuators and the demonstration of the system on the NASA Active Noise
Control Fan installation at the NASA Lewis Research Center.



Chapter 2

Design of Vane Actuators

2.1 Requirements

The noise levels and environment in a commercial turbofan engine are severe, and
. in order to evaluate the feasibility of vane actuators for active noise control (ANC),
United Technologies Research Center conducted an investigation of requirements
and a study of potential actuator technologies [4]. This study concluded that, al-
though active noise control of fan noise by vane actuators is feasible, no actuator
available at the time met the requirements and that development of such actuators
was required.

The requirements for the NASA Active Noise Control Fan (ANCF) are less severe
but still demanding. The basic requirement is that the actuator must make enough
noise; in order to be able to cancel the sound produced by fan/stator interaction,
the ANC actuator must be capable of making at least the same level of sound.
The actuator must also fit within the confines of the vane profile, and at least two
actuators must be placed across the chord at a given radial location. This restricts
the actuators to widths of approximately one inch and thicknesses of less than one
quarter inch. There is more room in the spanwise dimension, an actuator length of
3 to 5 inches can be accommodated.

Estimates of the displacements required were available from a simulation of a flat
plate cascade model of a vane set using a two dimensional fluid dynamics simula-
tion code. For actuators of the size that can fit in the vane, displacements in excess
of 25 um rms would be required.

There are, of course, other engineering requirements including cost, reliability,
power consumption, environmental requirements including temperature tolerance
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and system integration considerations.

2.2 THUNDER: Introduction

THUNDER is an actuator technology invented at NASA Langley Research Center
[11]. The acronym stands for THin UNimorph DrivEr and sensoR.

A THUNDER actuator is a composite of three thin layers, a metal base, a piezoelec-
tric wafer and a metal top cover, bonded together under pressure and at high tem-
perature with the LaRC SI polyimide adhesive. When a voltage is applied between
the metal layers across the PZT it expands, and the differential in-plane stresses
cause the actuator to bend or generate a force. The very high bond strength cre-
ated by the use of the polyimide and the manufacturing process results in a very
robust device that can be taken to high strains without fracture. The high displace-
ment capability lead to some initial investigations into the feasibility of the use of
THUNDER devices as vane actuators for the ANCFE.

At the time of the investigation, no physical models of THUNDER actuators were
available, and in order to understand the mechanism and properties of the devices,
a series of models were constructed and experimentally verified. An understand-
ing of the basic mechanisms allowed educated design of devices to meet a given
specification. However, as was discovered early in the development process, the
details of each physical device and in particular the method of fixing the device to
a support have a great deal of variability that makes accurate prediction of perfor-
mance problematic.

The pure boundary conditions of an analytical model are often difficult and im-
practical to implement and the actuator mounting is chosen to meet the mechanical
requirements of the application while attempting to optimize one or more perfor-
mance variables. For example, as a vane actuator the THUNDER actuator is to be
used as a sound source and a mechanical requirement is that a good air seal is
obtained from the front to the back of the actuator and that this seal does not fail
or fatigue during operation. Good acoustic performance requires that the volume
displacement of the actuator at the design frequency be optimized.

Another major practical effect is the static curvature caused by the thermal pre-
stress which occurs both across the length and width. This shell curvature will
stiffen the actuator leading to higher resonance frequencies and lower displace-
ments. The actual curvature of an installed actuator is hard to accurately predict
as it depends on both the details of the mounting and the manufacturing process
of the actuator. Small variations in each can lead to large variations in resonance
frequency.
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Thus while the models developed are useful for understanding the relationship be-
tween design variables (material choices and dimensions) and performance vari-
ables (force and displacement per volt or ampere), they were used only provide
approximate predictions of actual performance. In order to optimize the design for
the ANCF, a number of prototype devices and mounting schemes were experimen-
tally investigated.

2.3 THUNDER Models

Three different models were developed to aid the design‘of the THUNDER actua-
tors.

The first was a simple analytical model that gave insight into the physical mecha-
nisms of the actuation process and provided design guidance as to what variables
to adjust to optimize device performance. This model was based on a layered two
dimensional beam structure.

The effects of the third dimension, and in particular the stiffening effect of the cur-
vature induced by thermal pre-stress were investigated using the second model.
BBN SARA, a Finite Element Method program for structural acoustics was used to
verify the results of the analytical model and to predict the behavior of actuators
with shell curvature.

When experimentally investigating prototype actuators, a third model was used.
This equivalent circuit model generated simple measurable quantities that allowed
comparison of measured transducer parameters between designs.

2.4 Design Approximations

The simple two dimensional beam structure analytical model was used to develop
some design approximations and guidelines, allowing the dependence of such
quantities as the displacement per volt and the first natural frequency of the de-
vice on design variables such as material choices and layer thicknesses.

In general, a thinner PZT results in greater actuator displacement at the expense
of greater actuator force, and for an acoustic actuator, the thinnest PZT material
available should be selected. The thickness of available PZT wafers is determined
both by the manufacturing process of the wafer itself and by the need to handle the
wafer for subsequent processing (as a ceramic PZT is fragile and fractures easily).
The thickness of the PZT chosen for incorporation into a THUNDER device is thus
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likely to be fixed by its availability. At the time of this investigation, the thinnest
PZT readily available was approximately 175 um thick.

However, an important design parameter that can have a large impact on perfor-
mangce is the selection of the base layer. As a rule of thumb, maximum displacement
occurs when

Yohe = Yohy

where Y, is the modulus of the base layer, A, is the thickness of the base layer, Y;
is the modulus of the PZT layer, and h; is the thickness of the PZT layer. All subse-
quent approximations make the assumption that the base layer has been selected
such that this design criterion has been met. For PZT around 175 um thick, a metal
base layer of between 125-250 pm is typical.

Some useful basic approximations are those for the bending stiffness B

Yohi
B~ —%
3

and the piezoelectric bending moment M,.

h2
M, = ?bed31E3

E3 is the applied electrical field and d3; is the piezoelectric constant for the mate-
rial. The resulting curvature caused by an applied electric field will be the ratio of
moment to bending stiffness.

~ B Fs
hy
The displacement output is related to the curvature by
ug = c®o

where ® is 12/8 for a simply supported actuator.

Having selected the PZT and base layer thicknesses, the next step is to choose the
length of the actuator. The displacement output increases with the square of the
length of the actuator and so longer actuators are preferred. However, the first
resonance frequency of the actuator is inversely proportional to the square of the
length of the actuator and, in general we will want to operate the actuator at fre-
quencies below the resonance. At and near the resonance, although the increased
output is attractive, the performance of the actuator is unpredictable and the phase
shift accompanying the resonance makes the actuator difficult to control. The de-
sign choice is then to make the actuator as long as possible such that the operating
bandwidth of the actuator falls below the first resonance.
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The first resonance frequency can be approximated by

LB [B B b
2\ pihi V312V oo

where the constant 3 depends on the choice of boundary conditions and is ap-
proximately 10 for a simply supported device. The stiffness and thus resonance
frequency of the actuator will, in practice, depend on the specific details of both
the mounting and the static curvature induced by the thermal pre-stress.

If wp is the greatest frequency at which the actuator will be operated, then we re-
quire that

wp < wy

Thus the length of the actuator is given by
Bhe Y
12 < =
~ V3w | P

Y,
umax  cl?  d31 B3y | =
wo \ Pb

and the maximum displacement

2.5 Equivalent Circuit Model

When designing a THUNDER actuator for a particular application, it is useful to
have a transducer model that relates the electrical input power variables voltage
and current to the mechanical input power variables force and velocity using pa-
rameters that can be experimentally measured and hence allow candidate designs
to be compared. A useful tool for this purpose is the equivalent electrical circuit
shown in figure 2.1.

In the center of the diagram is an ideal transformer with a ‘turns ratio” of N. N
is the key transduction constant that relates input current to velocity (or charge to
displacement). Turning the circuit around would give the sensor relationships of
volts per force and charge per displacement. C, represents the electrical capaci-
tance for the stress free actuator. C,, represents the mechanical compliance for a
open circuit actuator

The approximations for the circuit parameters are

Pods1 _ Poga1
Ahbe33 Ahb

N =
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T
Iv Z LN =[£cm ’ })f

Figure 2.1: An equivalent circuit for a THUNDER actuator

The ratio d3;/e33 is the g3; constant for the PZT material.

_ Aegz
C. = e
Dod3)
NC, = hg
and
Y hp Ad
NC./Cp = b3bq>0 31

2.6 Thermally Induced Curvature

In the THUNDER manufacturing process, a thermal pre-stress is caused by the dif-
ferent amounts that the constituent layers shrink due to their different coefficients
of thermal expansion. The adhesive between layers sets at a high temperature and
as the actuator cools, the metal layers shrink more than the pzT. The PZT layer is
put into compression while the metal layers are in tension. This causes the actuator
to bend.

It is possible to estimate the curvature for a given actuator and manufacturing pro-
cess. However, accuracy is difficult as the eventual curvature depends on the bend-
ing stiffness which in turn depends on the curvature (resulting in a cubic equation
for bending stiffness) and also the precise details of the mounting of the actuator,

An approximation for the thermal bending moment is
My = Y3hi(aa — @)6/3

where o, and o, are the coefficients of thermal expansion for the base and PZT
layers and 6 is the temperature (above ambient) at which the actuator adhesive set
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(250 degrees Celcius for LaRC-SI). A first pass estimate of the curvature would then
be ‘

c= Me/B = (aa —ab)e/hb

If the curvature is large then the actuator will be stiffer than predicted by a factor z
where

2/3
z ~ (___’2(0“; ;ﬁab)e) @.1)
b

The bending stiffness B and the stiffness K must be increased and the compliance
C,, must be decreased by this factor.

2.7 Prototype Testing

A series of actuator prototypes of varying design were built and tested to gain an
understanding of the dependency of design variables and to develop a practical
method of construction. A number of design issues were confronted during this
process.

An early decision was to design the actuators to have a resonant frequency above
the nominal operating frequency of 1000 Hz. Although an actuator run at reso-
nance can have an order of magnitude greater displacement than a non-resonant
actuator, a system of resonant actuators is very difficult to control. In batch vari-
ability and interaction with a common structure results in actuators having slightly
different resonant frequencies and hence displacement outputs. When used in a
matched array, variability in actuator sensitivity translates into control spillover,
reducing the effective noise reduction performance of the system. In addition, the
rapid phase shifts that occur in the device transfer function at the resonance, can
cause instability in the control system.

Running the actuators at resonance was considered inadvisable. As actuator batch
variability lead to very different sensitivities above the first resonance, it was de-
cided to run the actuators below their first resonance. However, as displacement
output is inversely proportional to resonance frequency for an actuator of a given
length, the resonant frequency should not be too far above the nominal operational
frequency. Placing the resonance just above the operating frequency also allows for
some benefit from the shoulder of resonant amplification without paying the price
of running too close to resonance. For the operational frequency of 1000 Hz, its was
decided to target an actuator resonance frequency of approximately 1200 Hz.
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The most important design parameter was found to be the method of fixing the
actuator to its support. As an acoustic actuator, the device requires an air tight seal
between its front and rear sides and so is constrained on four edges. For a fixed
length and natural frequency, a simply supported actuator produces more volume
displacement than other boundary conditions. Attempts were made to engineer a
simple support that allowed free rotation of the actuator while preventing in-plane
motion at the support. This proved to be a challenge, but the final design produced
actuators with a variation in resonance frequency of about 10 percent.

A second design issue was that of the thermal response of the actuators. When PZT
is driven at high voltage levels, internal losses cause the material to heat. As the
capacitance of PZT increases with temperature, a hotter device draws more current
and so gets hotter still. With some device designs there is a potential problem of
thermal feedback instability. At a certain drive level the increasing capacitance
and increasing current heats the actuator to its Curie temperature at which the PzZT
material looses its piezoelectric properties and ceases to strain.

Although the ANCF vane actuators are cooled somewhat by the flow of air over
the vane, the materials in the actuators were selected to minimize the sensitivity
to thermal effects. A combination of PZT-5A piezoelectric and Beryllium Copper
base metal was found to give the best trade-off between thermal sensitivity and
displacement performance.

The drive level dependent properties of the PZT material was also apparent when
the actuator sensitivity in displacement per volt was examined. Figure 2.2 illus-
trates this behavior for a prototype actuator close to the final design. At high drive
levels this actuator exceeds the design requirement of 25 um rms displacement at
1000 Hz. However, although at low levels the resonance frequency is above 1200
Hz, at high drive levels it has dropped to close to 1100 Hz. Although the increase
in displacement due to the presence of the resonance is welcome (as long as all
actuators in an array shift up by the same amount), the frequency shift has added
approximately 45 degrees of phase to the frequency response function. This added
phase could cause instability if it is unmodeled by the controller.

This frequency shift behavior can be partly explained by the drive dependent ca-
pacitance of the PZT material. This behavior can be seen in measurements of actu-
ator dynamic capacitance; that is the measured transfer function between actuator
voltage and charge. Figure 2.3 shows the dynamic capacitance for a prototype ac-
tuator driven at 10 V rms and 100 V rms. The capacitance at 1000 Hz doubles from
around 70 nF to 140 nE.

The capacitance non-linearity also affects the actuator sensitivity expressed in dis-
placement per volt. Figure 2.4 shows a graph of displacement output versus volt-
age drive level for the same prototype actuator driven at 1000 Hz; the displace-
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Figure 2.2: Actuator displacement vs. drive level.
The variation in actuator displacement output with increasing voltage drive level.
Note the decrease in resonance frequency with increasing drive level.
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Dynamic Capacitance for Two Drive Levels
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Figure 2.3: Actuator dynamic capacitance
Measured dynamic capacitance for a prototype actuator at low and high drive
levels at 1000 Hz.
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ment/voltage sensitivity increases with drive level as the resonance frequency drifts
down towards the drive frequency.

However, PZT is a charge device, an applied charge causes a strain. The piezo-
electric parameters expressed in terms of displacement/charge are less sensitive to
drive level. The lower plot in Figure 2.4 shows a graph of displacement output
versus current drive level; the displacement/current sensitivity is approximately
uniform with drive level.

Experimental testing of prototype actuators produced two final candidates for the
ANCEF actuator. These similar designs both had resonance frequencies at about
1200 Hz and met the displacement requirements. They differed only in the choice
of metal base thickness and top cover design. THUNDER actuators can have an
optional top cover of thin metal foil, usually aluminum. This layer increases the
compressive pre-stress in the PZT and provides a robust surface electrode. How-
ever, it also increases the bending stiffness and slightly reduces the actuator sensi-
tivity. A set of actuators sufficient for four vanes was built, with half the actuators
from each design. The four vanes were installed in the ANCF for a series of tests
that were designed to quantify the control authority of the actuator arrays and to
confirm that the specification derived from simulation was sufficient to cancel the
fan/stator disturbance modes.

During these test the actuators with a top cover performed more reliably than the
actuators without a top cover. The latter actuators exhibited calibration drift dur-
ing the course of the experiments and at least one actuator suffered a failure. The
calibration of the actuators with a top cover held their calibration well and none of
them failed. The top cover design was selected for the full twenty eight vane tests.

2.8 Final Actuator Design

The final actuator design is illustrated in Figure 2.5. Three PZT-5A tiles each one
inch long, 0.6 inches wide and 0.007 inches thick are bonded to a Beryllium Copper
base 1.5 inches wide, 2.5 inches long and 0.005 inches thick. Not shown in the
figure are the aluminum top covers for each tile. These were 0.001 inch thick and
were trimmed to leave a small border at each edge of the tile.

The design of three tiles in one unit was chosen to select the required resonance fre-
quency of 1200 Hz. For the mounting method used, actuators with this geometry
have the required resonance for a length of about 1.1 inches, which was a conve-
nient chordwise dimension for an ANCF vane actuator. Experimental experience
suggested that actuators with a width to length aspect ratio of 0.6:1 performed well,
other aspect ratios either had too much thermal pre-stress curvature or had less re-
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Displacement vs. Actuator Volts
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Figure 2.4: Actuator output linearity
Output sensitivity of a prototype actuator driven at 1000 Hz for different input
drive levels. The upper plot is for a voltage input, the lower for a current input.
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PZT-5A Tile Working area

2.5"

Figure 2.5: Actuator final design
The final design of the vane actuator for the ANCF test. The insert is a photograph
of an uninstalled actuator.

peatable dynamic characteristics. The three tile design was a method of combining
three individual actuators with the right dynamic characteristics to produce one
device of the width required for the vane. The small slots in the long sides of the
actuator are to relieve the thermal pre-stress curvature in the long dimension.

Figure 2.6 shows a typical response of the actuator for a 100 V rms drive level. The
displacement is greater than 25 um rms at 1000 Hz and the resonance frequency
is at about 1200 Hz as required. The sound pressure output was measured at a
level of 90 dB SPL for a 1 kHz sine wave at 1 m in an anechoic chamber. The total
harmonic distortion was less than 26 dB; it is assumed that most of that distortion
was due to the power electronics and not non-linearities in the actuator.

Figure 2.7 illustrates the installation of the actuators in the vane. A cross section of
the vane is shown. The actuator inserted in a pocket machined in the vane and is
bonded to a small retaining shelf. The actuator operates in dipole mode, radiating
sound to both pressure and suction surfaces of the vane. The continuity of airflow
over the vane is maintained on each surface by a cover sheet made from perforated
metal that is bonded to the vane so that it conforms with the airfoil profile and lies
flush with the surface. Figure 2.8 is a photograph of actuators installed in a vane.
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Displacement of Vane Actuator for 100 V rms drive
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Figure 2.6: Actuator displacement response
A typical displacement response of the final actuator design.
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Figure 2.7: Actuator installation in vane
A cross section of a vane showing the installation of the actuators.
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Figure 2.8: Photograph of a vane with installed actuators
A photograph of a vane with installed actuators from the four vane test. The
suction side is shown at the top. The pressure side is shown at the bottom. The
small red lines on the pressure side are the power leads to the actuators.
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2.9 Selection of Actuator Location

The objective of the ANCEF test was to cancel the disturbance sound simultaneously
in both inlet and exhaust. It is it is not sufficient for the actuators to capable of
producing the required level of sound, they must be capable of creating the correct
mix of modes with the correct phase relationship. It is the phase relationship that
is most difficult to meet, the required actuator outputs may be much larger for a
mix of modes with a given phase than the same amplitude of modes with arbitrary
phase.

As there are four acoustic modes in the disturbance, four vane actuators are re-
quired for cancellation. The displacement requirements of the actuators depends
on their locations in the vane. In an effort in parallel to the actuator development,
Ed Envia of NYMA studied the effect on actuator location in simulation, and pro-
vided guidance on the final location of the actuators.

The study used a simulation program called vo72 [5]. This is a three-dimensional
rotor-stator interaction noise code which accommodates realistic annular geome-
tries. The code couples a description of the unsteady aerodynamic interaction be-
tween the rotor wakes and stator vanes, to the three-dimensional acoustic response
of a cascade in an annular duct containing a uniformly moving medium.

The source of noise is the harmonic surface pressure loading on the surface of the
vane caused by the fan wake, in particular the the wake component normal to the
vane surface, the stator upwash. Wakes are modeled as frozen gusts that are con-
vected by the mean flow, which is assumed to be a function of the radius. The
stator vane geometry is also simplified by assuming that vanes are infinitesimally
thin flat surfaces. The rotor-stator noise field is computed by a surface integral of
the vane pressure source terms combined with a suitable Green’s function repre-
sentation of the sound field in the duct including the effects of mean flow. A wake
model and Green’s functions derived for the ANCF were used to produce a set
of complex disturbance mode amplitudes in inlet and exhaust that matched those
measured in the rig.

Additional source terms representing the vane actuators were added to the model.
The actuators were modeled as rectangular patches simply supported on four sides
with a sinusoidal velocity distribution. These dipole sources were introduced one
at a time and used to predict complex transfer functions between the patch velocity
and the resulting mode amplitudes. By inverting the matrix of transfer functions,
the required patch displacements were be calculated.

The simulation was run a number of times with different patch sizes and locations.
The size and location of patches were constrained by the practical limitations of
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the ANCF vane and the prototype vane actuators. In order to cancel both inlet and
exhaust modes, two different chord-wise locations are required and the geometry
of the vane limited the width of the actuators to about one inch. Wider actuators
than this were found to be less effective. Optimal locations for the chordwise pair
were as far apart as possible with one close to the leading edge and the other close
to the trailing edge.

For each chordwise location, a pair of spanwise patches were used. These were
initially matched to the radial distribution of the disturbance modes. A shorter tip
actuator was used to avoid crossing the node of the first radial mode. A longer
hub actuator was used. Optimal designs tended to make the tip actuator about
2.5 inches long and the hub actuator 5 inches long. For practical reasons, it was
desired to have a single actuator design, and so the hub actuator was split into
two 2.5 inch devices driven with the same velocity and separated by a suitable
gap for the mounting structure. Within these constraints the radial location of the
four actuators were varied and a solution with the least maximum displacement
required to cancel the disturbance was retained.

210 Amplifier Design

As the displacement/current sensitivity of the actuators was more linear than the
displacement/ voltage sensitivity, it was decided that the power amplifiers should
be current drive devices, providing a linear constant current proportional to the
input signal, independent of the varying capacitance of the load. The amplifier
design requirements were to deliver a drive voltage of 100 V rms at 1 kHz into a
140 nF load.

A schematic diagram of the amplifiers built for the ANCEF test is shown in figure
2.9. The design is based on an APEX Model PA85 power operational amplifier. A
feedback loop around the op-amp controls the current delivered. The output cur-
rent is sensed by the voltage developed across the 5W resistor. This voltage is fed to
a differential amplifier, Burr Brown Model INA117, which features high common
mode rejection. A phase lag network, (R15,R13,C7) is added to the feedback path
to assure stability. The output resistor R19 establishes the low frequency gain at
3000. The maximum current is set by the 3.9W resistor and the 68 pF plus 100W
provide amplifier phase compensation. The amplifier was powered from a + 160
Volt unregulated supply together with a + 15 Volt supply to the INA117.

The mechanical packaging unit consisted of two amplifiers mounted to a2 common
heatsink with forced air cooling. An assembly of four units occupied one 19 inch
rack width. At maximum output, driving a 50 nF load at 1 kHz, each amplifier
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Figure 2.9: Schematic of amplifier design
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channel dissipated 25 Watts.

The calculated voltage gain across the amplifier from which it will be observed that
a constant current characteristic is produced between 200 and 1000 Hz.

The maximum drive signal is dependent on the load capacitance. The output volt-
age on a typical channel can be monitored from the front panel to ensure that the
waveform does not clip. This would lead to higher than normal power dissipation
in the output amplifier. The maximum available voltage is 140V.

The nominal sensitivity on all channels at max gain is 70 mA /Volt in. The amplifier
has output current limiting at a nominal 200 mA

Example:- with 150 nF capacity, at 1 kHz, the load reactance is 1060W. At 140V
output, the load current would be 132 mA. The input voltage to generate this
current would be 1.89 V or 0.667 V rms.

Figure 2.10 shows the amplifier output voltage and current when attached to a
typical pair of vane actuators.

2.11 Calibration

In order to prevent control modal spillover, each actuator in an array should have
the same sensitivity. Most of the variability in actuator output was reduced by
design of the mounting system and in careful control of the manufacturing process.
However, as is inevitable, some variation remained.

There were two methods of calibrating installed actuators. Voltage/current ratios
were taken as the primary sensitivity measure. A front panel switch on each ampli-
fier rack enabled the monitoring of the voltage and current supplier to the pair of
actuators attached to each amplifier channel. The gain of the amplifier from voltage
in to current out was trimmed by a potentiometer on the front panel to ensure that
each actuator pair in an array received the same current for the same drive signal.

As a pair of actuators were connected in parallel to the output of each amplifier
channel, it was not possible to calibrate the current to individual actuators by this
method. It was impractical to put a trimming potentiometer in the high voltage
output side of the power amplifier and so a method of trimming the current sensi-
tivity with a series capacitor was developed. A high voltage breakout circuit board
was designed to be placed between the power amplifier output and the signal dis-
tribution vane grid that would allow the insertion of series capacitors in one of
the paths to a pair of actuators. The capacitor would be selected to reduce the ef-
fective capacitance of the path with the highest capacitance to that of the lowest



ANCF Vane Actuator ANC

28

100

Actuator Volts
w
o

20

10 4

Vane Actuator Amplifier Output

P —&— Actuator Volts
//" —4&- - Actuator mAmps
/0’
¥
¥
02 0.4 0.6 08 1 12 14 16 18 2 22 24
Input Volts

Figure 2.10: Amplifier linearity

180

- 160

+ 140

120

100

+ 20

Actuator mAmps

The output voltage and current for the power amplifier attached to a typical pair

of vane actuators



ANCF Vane Actuator ANC 29

capacitance.

Displacement/ current sensitivity is only an indication of the true sensitivity of con-
cern, that between controller output voltage and the acoustic output of an actuator.
An acoustic cavity calibrator was designed, with six microphones in six sealed cav-
ities that could be fixed to the vane. Due to the level dependent sensitivity of the
actuators, it is necessary to calibrate the actuators at close to full output power and,
although this method allowed an approximate calibration to be performed, acous-
tic cross-talk between actuators was significant and proved to be sensitive to vane
location. A better method would be required if a more accurate calibration is de-
sired. Fortunately, control spillover was low enough for the system to demonstrate
reasonable noise reduction levels.

One issue with both the front panel trimming potentiometer and the series trim ca-
pacitor is that they limit the maximum output of the actuators. The power amplifier
output is primarily constrained by the maximum voltage swing of the operational
amplifiers. In array of twenty eight actuators, this means that in order to calibrate
the array, all channels have to be reduced to the sensitivity of the actuator with
the smallest sensitivity. The maximum output of the array is constrained to the
maximum output of the weakest actuator.



Chapter 3

Control System

3.1 Background Theory

The sound field of fan/stator interaction noise is usually represented by a set of
spinning acoustic modes in the fan duct [6].

p(r,0,z,t) = Z Amn(r) exp j(wt — mb — k.x) (3.1)

The sound pressure at a location given in the cylindrical coordinates 7,6, z is the
sum of terms with the complex amplitude A,,,(r), a function of the radial location
r, and a propagation term exp j(wt — mé — k;x) which describes a spinning pattern
with wavefronts that propagate with an axial phase velocity w/k,; and simultane-
ously rotate with angular phase velocity w/m. m is an integer, the circumferential
mode order, that specifies the number of complete wavelengths around the cir-
cumference at any given axial location. For each m order, there are multiple radial
patterns that each propagate with a different axial wavenumber k.. Each radial
pattern is distinguish by the number of nodal circles n, the radial mode order. The
important properties of a given spinning mode are given in Table 3.1

The first mode is the plain wave mode, with m = 0 and n = 0, which propagates at
zero spiral angle and with an axial phase speed equal to the speed of sound. Higher
radial mode orders are associated with higher mode wavenumbers, higher spiral
angles and lower axial wavenumbers. Mades with a critical mode wavenumber
equal to k£ have a 90 degree spiral angle and propagate with wavefronts that are
paralle]l with the walls. Modes with higher than critical mode wavenumbers are
cut-off and do not propagate. Only a finite number of modes at any given fre-
quency are cut-on.

30



ANCEF Vane Actuator ANC 31

circumferential mode order m
radial mode order n
mode wavenumber Kk,
rotational phase speed w/m
cut-off ratio v = k/kmn
spiral angle sin¢g = 1/v
axial wavenumber k, = kcos ¢

Table 3.1: The important variables of a spinning acoustic mode

Fan/stator interaction contains rotational symmetries that cause only modes of
only certain circumferential mode orders to propagate. The mode orders present in
the disturbance m are related to the number of fan blades B, the number of stator
vanes V and the harmonic of BPF k and are given by the formula

m = hB —kV where k is any integer (3.2)

3.2 Controller Requirements

A single discrete noise control device, whether passive or active, will react to the
acoustic modes of the disturbance and produce, in effect, a scattered sound field.
Although, the sound energy of the disturbance may be concentrated in a few of the
potential modes of propagation, a single control device can scatter that energy into
all of the N possible modes of propagation.

An active noise control system must take into account the full set of N acoustic
modes that it could potentially generate. In order to control any or all of the N
modes, a modal active control system will require N independent control actuators.

A typical turbofan engine has many hundreds of possible acoustic modes and the
hundreds of actuators and independent control channels that would be required
for a full modal control system makes its implementation impractical. Fortunately,
the number of modes generated by the disturbance N is usually much less than N
due to the symmetries of fan/stator interaction. A control system that uses a radi-
ally symmetric array of actuators can make use of the same mechanism to couple
into the same set of modes as the disturbance, without coupling to any of the other
modes. Such a system, based on matched symmetrical actuator arrays, results in a
much simpler controller.

A circumferential array of L identical actuators, with the same axial and radial
coordinates, can be driven by a single control signal, phased appropriately for the
position in the array, to produce a set of modes with the same circumferential mode
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order m. From the perspective of the controller, the array is a single actuator. How-
ever, a problem with such an actuator array is the phenomenon of spatial aliasing.
If the array is driven to generate a mode of order m, it will also generate modes of
orders

...m—Lmm+L m+2L,...

If the mode order of the highest circumferential mode that can propagate is My,
then at least

L > My + |m|

actuators are required to avoid spatial aliasing.

An important observation is that a single actuator array can independently control
multiple m orders when the outputs of two or more phased arrays are summed
at each actuator. The number of actuators required is then based on the largest m
order.

If, as is usual, the fan blade B and vane V counts are chosen such that at most
one m order is cut-on (at least for lower harmonics of BPF), then we can be sure
that an array V actuators will not alias as it will produce the identical set of aliased
modes as the vanes. There may be circumstances, with disturbances of lower m
order, where it may be possible to reduce the number of actuators required in a
circumferential array. '

Although, the source may only contain modes with one or few m orders, there
may be modes of more than one radial order n. In order to couple directly with a
given m order, a circumferential array must be placed at the same radial location.
To control multiple n orders multiple arrays are required. These must be located at
either different axial or radial locations.

Arrays placed at the same radial location but different axial locations, for example
both on the duct wall, will couple with a given n order with the same magnitude
but different phase. This phase difference is related to the axial phase speed of the
mode and is different for different n orders. If the largest number of radial modes
of circumferential mode order m is N,,, then Ny, axial arrays are required.

Arrays placed at the same axial location but different radial location, for example
on the inner and outer duct wall or across the radius in the stator vanes, will also
couple with a given n order but have the advantage of coupling to both gain and
phase as opposed to just phase for wall mounted actuator arrays. Again Ny, arrays
will be required.

By a similar argument, it is necessary to have two sets of arrays at different axial
locations to control modes that propagate in the two axial directions, to the inlet
and to the exhaust.
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Radial arrays of actuators on the stator vanes have the added advantage of cou-
pling to the modes in the same manner as the disturbance source as they are more
or less at the same location. This could potential lead to a requirement for fewer
actuators, as a single array could couple fore and aft propagating modes with the
same magnitude and phase as the disturbance; a single array could control both
modes at the same time. It is conceivable, that a single vane array could couple
with multiple disturbance n orders in the same way.

In general, if there are N disturbance source modes, then Ng circumferential ar-
rays of actuators are required to independently control each mode.

The effect of using control actuator arrays is that potentially fewer actuators are
required than the N theoretically required for full modal control. The main ad-
vantage is that the number of controller output channels L is greatly reduced. For
exact control we require that L = Ng, the number of disturbance source modes.
L 4, the total number of individual actuators in the L arrays, can be much larger
(La = NsV is usually sufficient) and may in fact be greater than V.

A control system needs to measure the effect of its output in order to be able to
adjust that output to achieve noise reduction. This monitoring is implemented by
placing residual sensors in the sound field, typically on the duct walls.

Similar arguments to those used to specify the actuator requirements apply to spec-
ifying the sensor requirements. In general, in order to sense each of the N modes
of propagation, N sensors are required. In order to unambiguously detect modes
of a given m order then a circumferential array of

M > M, + |m|

sensors are required. If it is known that only Ng independent modes are present,
and the mode characteristics are known, then only Ng sensors are required to re-
solve those modes. In theory, these actuators need not be placed in either circum-
ferential or axial arrays, they can be individual sensors (there are however some
restrictions on their locations.)

The use of actuator arrays that allow particular m order components of the distur-
bance to be resolved would have an advantage if the actuator arrays were imper-
fect. The ability to separately monitor both the modes of the disturbance and the
spillover modes could then assist in preventing spillover. Also, if particular mode
components were more important for noise control than others, control could be
focused on those modes.
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3.3 Control Strategy for the ANCF Rig

The control strategy selected for the ANCF was chosen to meet the requirements
of the specific test conditions. The ANCF fan is four feet in diameter and has 16
blades [9]. Nominal speed is 1886 RPM, resulting in a Blade Passage Frequency
(BPF) of 500 Hz and a twice BPF (2BPF) tone of 1000 Hz. Twenty eight fan exit
guide vanes were selected for the vane actuator tests. The number of stator vanes
was selected so that the BPF tone of fan/stator interaction was cut-off. The 2BPF
tone was cut-on and contained two radial components that could propagate to the
inlet and exhaust.

Table 3.2 gives the cut-off ratios of modes at 1000 Hz in a four foot diameter duct
cylindrical with no flow. Counting all + m orders and propagation to fore and aft,
a total of N = 72 modes can propagate. The highest circumferential mode order is
Mpy = 9. When the effects of flow and the larger hub/tip ratio of the exhaust duct
are accounted for a similar number is obtained.

For a 16 blade fan and 28 vane stator, the modes generated by fan/stator interaction
will be, by equation 3.2

harmonic m orders
1|1-68|40|-12{16 | 44
2|-52|-24 43260
3|1-36| -8| 20{48 | 76

The only disturbance modes at BPF of concern are the m = —12 modes which are
cut-off at 500 Hz. The dominant 2BPF modes are m = 4, of which the first two ra-
dial modes (4, 0) and (4, 1) are cut-on at 1000 Hz. The next set of 2BPF disturbance
modes, m = —24, are cut-off. Including modes that propagate both fore and aft,
there are a total of Ng = 4 independent disturbance modes at 2BPF. The m = —8
modes at 3BPF are also cut-on, however disturbance power is concentrated in the
2BPF tones which are the subject of the control effort.

With the maximum m order of propagating modes My = 9, then in order to control
an m = 4, mode a circumferential array size of L > My + |m| = 13 actuators is
required. This would suggest that an array of 14 actuators should be sufficient to
avoid spillover. However, as the m = —10 mode is close to cut-on, for safety an
array size of L > 19 was chosen. The smallest symmetrical array of vane actuators
of this size is L = 28. This array size has two other advantages, it has double the
effective output of an L = 14 array and also allows for extension to control of the
3BPF modes at m = —8 if desired.
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Figure 3.1: Locations of actuators in the vane

As the disturbance has two radial modes then two actuators at two radial locations
are required. As it is intended to control sound propagating to both fore and aft,
two sets of two actuators at two axial and two radial locations are required.

3.4 Location of Actuators in a Vane

Simulations of the vane actuators required for the ANCF, produced a requirement
of a larger inner actuator than outer actuator. Rather than make actuators of two
different sizes, it was decided the make the inner actuator from a pair of actuators
the same size as the outer actuator. Section 2.9 discusses the selection of actuator
size and location. A diagram of the locations of the actuators within each vane is
shown in Figure 3.1.

The required four circumferential arrays of actuators were thus constructed from a
total of 168 actuators, each of the 28 vanes held 6 actuators each numbered 1 to 6
with actuator #1 being the outer leading edge, #2 the middle leading edge, #3 the
inner leading edge, #4 the outer trailing edge, #5 the center trailing edge and #6
the inner trailing edge. The inner pair of actuators on the leading edge, #2 and #3,
were driven as a pair with the same control signal making effectively one actuator.
In a similar way, the inner pair on the trailing edge, #5 and #6, were also driven as
a pair giving effectively four independent actuators on each vane.

Table 3.3 gives the correspondence between the control channels, the labeling of
the four outputs of the controller, and the labeling of the location of actuators in
each vane (as shown in Figure 3.1)

Power amplifiers were required to drive each of the 168 actuators. As many actua-
tors were driven in pairs by the same control signal, it was decided to pair actuators
at the power amplifiers leading to a requirement of 84 amplifiers. The design of the
power amplifiers is discussed in Section 2.10.
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Table 3.2: Cutoff ratios at 2BPF in a cylindrical duct with no flow. Cut off modes
are shaded.

Controller Output Channel | Vane Actuator Location
Al #1
A2 #4
A3 #2 and #3
A4 #5 and #6

Table 3.3: Correspondence of controller channel and vane actuator location
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The two inner actuator pairs on each vane are required to receive the same control
signal and so are naturally paired to the output of one amplifier. The outer pair
of actuators pose more of a problem as they are individual devices that receive
independent control signals. However, when driving an even mode such as an
m = 4mode, actuators in the same location of diametrically opposite vanes receive
the same control signal (in fact actuators in every seventh vane receive the same
control signal) and it was decided to use these to form a pair at the output of one
amplifier channel. ‘

3.5 Actuator Phasing

The four circumferential arrays of actuators are driven by four independent con-
troller output signals. In order to drive an m = 4 mode, the signal to each of the 28
vanes in an array must be phased appropriately for the location of the vane. The
required increment of phase for an m = 4 mode is 2. For each array the actu-
ator in the same vane relative to each quadrant, every seventh vane, will receive
the same phased control signal; seven independent signals are required for each
control channel and its associated array.

The required array phasing was implemented by four sets of seven all-pass digital
filters designed to have the correct phase and unity gain at a selected operational
frequency, for example 1000 Hz. This phase shifter network was implemented digi-
tally at a fixed sample rate of 6kHz using 24-tap finite impulse response (FIR) filters
on a digital signal processing (DSP) computer.

The distribution of the 28 outputs of the actuator array processor to the 84 inputs
of the power amplifiers was implemented by hand wiring the filter outputs to the
correct amplifier inputs. As the inner arrays have two actuators per vane, each
inner array control signal drives eight actuators and four amplifier inputs. Outer
array control signals drive four actuators and two amplifier inputs each.

3.6 Vane Wiring Grid

A remaining problem was to connect the 84 amplifier output signals to the correct
vane actuator. This was implemented using a large two layer printed circuit board.
On one side were 164 signal and 164 signal ground traces for each actuator grouped
by vane. On the other side were 164 signal and 164 signal ground grouped by
amplifier. The required connections from control amplifier to actuator were made
by drilling holes at the correct junction and soldering a contact through the hole.
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Table 3.4 is a list of the connections from control channel to actuator.

3.7 Power Amplifier Design

Power amplifiers for PZT actuators such as the THUNDER actuators are a pre-
dominantly reactive electrical load, they present the equivalent load of a capacitor
to the amplifier. As no commercially available amplifier was available, a custom
designed amplifier was built, as described in Section 2.10, with each amplifier chan-
nel designed to drive a pair of installed actuators. A total of 88 amplifiers was then
required to drive the 168 vane actuators.

An issue with using a single amplifier to drive a pair of actuators is that it becomes
difficult to individually calibrate one of the pair if their sensitivities are different
as any calibration device must work on the power side of the amplifier at the high
voltages used to drive the PZT. A variable resistor is not an option at 100V rms,
and so a trim capacitor method was selected.

The amplifiers are current drive devices, that is they produce a given current out-
put for a given voltage input. The two actuators driven by an amplifier were con-
nected in parallel to the amplifier output to ensure that the full voltage output of
the amplifier was applied to each actuator.

3.8 Sensor Arrays

A set of sensor arrays constructed by Hersh Acoustical Engineering for this test
condition were available and installed on the ANCF rig. There were six circum-
ferential arrays each of sixteen uniformly spaced sensors, three arrays in the inlet
labeled A, B and C and three arrays in the exhaust labeled D, E and F. The output
of these sensor arrays were processed using an analog beamformer that selected
for mode orders m = £4.

3.9 Tonal Control

The core control system implements a synchronous multichannel Filtered-X LMS
algorithm [7]. The control and plant filters were three tap digital FIR filters.

The plant was identified in the presence of the disturbance in a two step process.
The first step designs a set of parallel digital filters that internally cancel the dis-
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Amp | Control | Vane | Act || Amp | Control | Vane Act || Amp | Control [ Vane | Act
1-1 Al-1 1 #1 >-1 AS-1> 1 #3 9-1 Ad-Z3 2
1-1 Al-l 15 #1 51 A3-15 1 #2 9-1 A4-23 2 #6
1-2 Al-1 8 #1 52 A3-15 8 #3 9-2 A4-23 9 #5
1-2 Al-l 22 #1 52 A3-15 8 #2 9-2 A4-23 9 #6
1-3 Al-2 2 #1 5-3 A3-15 15 #3 9-3 A4-23 16 #5
1-3 Al2 16 #1 5-3 A3-15 15 #2 9-3 A4-23 16 #6
14 Al-2 9 #1 54 A3-15 22 #3 9-4 A4-23 23 #5
14 Al-2 23 #1 54 A3-15 22 #2 9-4 A4-23 23 #6
15 Al-3 3 #1 5-5 A3-16 2 #3 9-5 Ad-24 3 #5
1-5 Al-3 17 #1 55 A3-16 2 #2 9-5 A4-24 3 #6
1-6 Al-3 10 #1 5-6 A3-16 9 #3 9-6 Ad-24 10 #5
1-6 Al-3 24 #1 56 A3-16 9 #2 9-6 A4-24 10 #6
1-7 Al4 4 #1 5-7 A3-16 16 #3 9-7 Ad-24 17 #5
1-7 Al-4 18 #1 5-7 A3-16 16 #2 9-7 A4-24 17 #6
1-8 Al4 11 #1 5-8 A3-16 23 #3 9-8 A4-24 24 #5
18 Al4 25 #1 5-8 A3-16 23 #2 9-8 Ad-24 24 #6
21 AlS5 5 #1 6-1 A3T7 3 #3 10-1 ALY | 4 EST
2-1 Al-5 19 #1 6-1 A3-17 3 #2 10-1 A4-25 4 #6
2-2 Al-5 12 #1 6-2 A3-17 10 #3 10-2 A4-25 11 #5
22 Al-5 26 #1 62 A3-17 10 #2 10-2 A425 11 #6
23 Al-6 6 #1 63 A3-17 17 #3 10-3 A4-25 18 #5
2-3 Al-6 20 #1 6-3 A3-17 17 #2 10-3 A4-25 18 #6
24 Al-6 13 #1 64 A3-17 24 #3 10-4 A4-25 25 #5
24 Al-6 27 #1 6-4 A3-17 24 #2 104 A4-25 25 #6
2-5 Al7 7 #1 6-5 A3-18 4 #3 10-5 Ad-26 5 #5
2-5 Al-7 21 #1 6-5 A3-18 4 #2 10-5 A4-26 5 #6
2-6 Al-7 14 #1 6-6 A3-18 11 #3 10-6 A4-26 12 #5
2-6 Al-7 28 #1 6-6 A3-18 11 #2 10-6 A4-26 12 #6
27 - - - 6-7 A3-18 18 #3 10-7 A4-26 19 #5
2-7 - - - 6-7 A3-18 18 #2 10-7 | A4-26 19 #6
2-8 - - - 6-8 A3-18 25 #3 10-8 A4-26 26 #5
2-8 - - - 6-8 A3-18 25 #2 10-8 A4-26 26 #6
3-1 A28 1 H 7-1 A3-19 5 #3 111 AL27 6 #5
31 A2-8 15 #4 7-1 A3-19 5 #2 11-1 A4-27 6 #6
32 A2-8 8 #4 7-2 A3-19 12 #3 11-2 A4-27 13 #5
32 A2-8 22 #4 7-2 A3-19 12 #2 11-2 A4-27 13 #6
33 A2-9 2 #4 7-3 A3-19 19 #3 11-3 A4-27 20 #5
33 A2-9 16 #4 7-3 A3-19 19 #2 11-3 A4-27 20 #6
34 A2-9 9 #4 7-4 A3-19 26 #3 114 A4-27 27 #5
34 A29 23 #4 74 A3-19 26 #2 11-4 A4-27 27 #6
35 A2-10 3 #4 7-5 A3-20 6 #3 11-5 A4-28 7 #5
35 A2-10 17 #4 7-5 A3-20 6 #2 11-5 A4-28 7 #6
3-6 A2-10 10 #4 7-6 A3-20 13 #3 11-6 A4-28 14 #5
36 A2-10 24 #4 7-6 A3-20 13 #2 11-6 A4-28 14 #6
3.7 A2-11 4 #4 7-7 A3-20 20 #3 11-7 A4-28 21 #5
37 A2-11 18 #4 7-7 A3-20 20 #2 11-7 A4-28 21 #6
3-8 A2-11 1 #4 7-8 A3-20 27 #3 11-8 A4-28 28 #5
3-8 A2-11 25 #4 7-8 A3-20 27 #2 11-8 A4-28 28 #6
4-1 A2-12 > # B-1 A3-21 7 #3 - - - -
4-1 A2-12 19 #4 8-1 A3-21 7 #2 - - - -
4-2 A2-12 12 #4 8-2 A3-21 14 #3 - - - -
4-2 A2-12 26 #4 82 A3-21 14 #2 - - - -
4-3 A2-13 6 #4 &3 A3-21 21 #3 - - -
4-3 A2-13 20 #4 8-3 A3-21 21 #2 - - - -
4-4 A2-13 13 #4 84 A3-21 28 #3 - - - -
44 A2-13 27 #4 84 A3-21 28 #2 - - - -
4-5 A2-14 7 #4 8-5 Ad4-22 1 #5 - - - -
4-5 A2-14 21 #4 85 Ad4-22 1 #6 - - - -
4-6 A2-14 14 #4 8-6 A4-22 8 #5 - - - -
4-6 A2-14 28 #4 8-6 A4-22 8 #6 - - - -
47 - - - 87 A4-22 15 #5 - - - -
4-7 - - - 87 A4-22 15 #6 - - - -
4-8 - - - 8-8 A4-22 22 #5 - - - -
4-8 - - - 8-8 A4-22 22 #6 - - - -

Table 3.4: VaneGrid
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turbance tone. These filters are then used to detect the increment in residual mi-
crophone signals when each of the four actuator arrays is in turn activated by the
controller. The controller then designs a set of 24 filters that model the transfer
function from each controller output through each actuator array to each micro-
phone array and controller input. The plant identification can also be run with the
fan disturbance noise at a different frequency to the actuator drive signals when a
function generator is then used to clock the controller.

The core control is then implemented. This is a synchronous adaptive feedforward
scheme based on the Filtered-X LMS. The four output filters were adaptively up-
dated using a function of the output of 24 filters that represent the path from each
control output to each sensor input. A feature of the version of the algorithm used
for the tests was the ability to set a hard limit to individual control channel output
voltages. This was to prevent the control signal from exceeding the maximum level
that could safely be accommodated by the power amplifier inputs. The algorithm
ensures that the maximum level is not exceeded by preventing any update that
would cause a control filter output to exceed that level. The maximum level can
be independently set for each control output and if one output is constrained at its
maximum, the other control filters can continue to adapt.

The ProANVC monitor program allows interaction with the controller functions to
set filter lengths, convergence parameters and control output limits. It also displays
in real time the amplitudes of controller output and residual input signals when the
control or identification programs are running.

3.10 Control System Schematic

A schematic of all the control system components and their interconnections is
shown in figure 3.2.

The control path starts at the sensor arrays, labeled A to F. The 6x16 microphone
outputs are processed by the microphone array processor which is implemented
in analog electronics. The six outputs of the array processor represent the m = +4
component of the sound field at each array location. For each array, two possible
outputs were available, the cosine transform component or the sine transform com-
ponent. When added with the correct phase, these two components can be taken
as a time domain representation of the m = 4 component. The six processed sensor
signals are filtered by analog anti-aliasing filters with a cut-off of 1.1 kHz.

The controller is implemented on a DSP processor. The control algorithm is a syn-
chronous multichannel FX-LMS with off-line identification in the presence of the
disturbance. For the test, a 6 input by 4 output control structure is implemented.
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Actuators in
Stator Blades

Figure 3.2: A schematic of the control system

The controller is clocked by a signal derived from a digital encoder on the main
fan shaft. The encoder produces 128 TTL pulses per fan revolution. As the fan
has sixteen blades, this corresponds to a frequency eight times BPF or four times
2BPF, approximately 4 kHz at 1886 rpm. The shaft encoder signal also provided
synchronization signals for the rotating rake drive and signal processing system.

The controller is operated in two modes. The first is a synchronous control mode
with the fan shaft encoder providing the 4kHz clock for both controller and rake.
The second is an asynchronous control mode with an external signal generator pro-
viding the clock for both controller and rake. This second mode is used to measure
the output of the control system with the fan operating at a different speed. With
the fan 2BPF at a different frequency to the actuators, the effect of the actuators
alone can be accurately measured by both the controller and the rake system.

For the asynchronous mode of operation, an function generator is used to provide
the 4 kHz clock. A schematic of the asynchronous clock processing system is shown
in Figure 3.3. The rake controller requires a 4 kHz sine wave which is provided
through a signal transformer to the differential input A of the rake controller.

The four controller output signals are passed through four low-pass analog filters
with a cut-off of 1.1 kHz. These filters act as reconstruction filters.

The four analog control output signals are then passed to the digital actuator array
processor. This is a bank of 28 digital filters designed to have the correct phase
shift to generate four independent m = 4 mode components at the actuator arrays.
The array processor is implements on DSP computer. No anti-aliasing filters are
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Figure 3.3: Asynchronous clock processing system

required as the control output reconstruction filters suffice. The 28 digital output
signals are filtered by a bank of 28 low-pass analog reconstruction filters.

The 28 analog output signals are then taken to and shared by the appropriate inputs
of the power amplifiers. The 84 amplifier outputs are then passed to break-out
boards attached above each amplifier rack where calibration trimming capacitors
can be attached if necessary. The 168 outputs from the break-out boards go the the
vane grid where they are distributed to the correct actuators. Twenty eight fifty
foot long ribbon cables run from the vane grid to a trailing lead and cable attached
to each vane.



Chapter 4

Testing

The test objective-was to demonstrate and measure the performance of a ducted
fan ANC system based on vane actuators.

4.1 The ANCF Rig

The NASA Active Noise Control Fan facility is located in the Aeroacoustic Propul-
sion Laboratory at the NASA Lewis Research Center [9].

Figure 4.1 is a diagram of the important components of the ANCE. A sixteen blade
four foot diameter fan is enclosed in a fan duct which is cantilevered from a sup-
port structure. The fan is driven by a shaft that runs through a center body. As both
center body and duct walls are fixed to the support structure, no internal struts are
required. (Internal struts could affect the fan/stator interaction acoustic modes of
the duct, resulting in a more complicated mode structure.) Inflow and turbulence
distortions that would introduce asymmetric force loading of the blades are mini-
mized by an inflow control device at the inlet.

A variable set of stator vanes are cantilevered from a central hub structure. The
tips of the vanes are not usually fixed mechanically to the duct wall and due to
differences in clearance, some are free and some are jammed against the wall. To
avoid variability in their structural dynamics during the tests of vane actuators, the
tips of all vanes were fixed to the wall with a strong RTV.

For the tests, the fan blades were set at an angle of 40 degrees. The twenty eight
actuator vanes were installed with a 2.25 inch spacing between the fan blades and
stator vanes.

43
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Inflow Control Device

Stator Vanes

Center Body

Figure 4.1: Layout of the active noise control fan rig
4.2 Measurements

Two measurements of sound level reduction were made. In duct levels were mea-
sured using the NASA rotating rake modal measurement system which allowed
the effect of the control system on each propagating mode to be independently
measured. Far field measurements were made using a fixed array of 28 micro-
phones.

4.2.1 In Duct Measurements

The propagating modes in a duct are difficult to measure accurately. If N inde-
pendent spinning modes can contribute to the sound field then an array of at least
N independent sensors is required to resolve each and every mode. The rotating
rake [8] obviates this requirement by continuously moving a set of fewer micro-
phones while taking data. There are two rake microphone arrays for the ANCE, a
seven microphone array for the inlet and a six microphone array for the exhaust.
A large gear mechanism installed at each end of the ANCEF rig rotates the rakes at
one hundredth the rate of the fan (only one rake is installed at a time.) The micro-
phone signals are sampled synchronously with the rotation of the fan and hence
synchronously with the interaction spinning acoustic modes generated by the fan.

Time domain averaging is used to reduce noise not synchronized to fan rotation
and narrow band spectra are used to extract the magnitude and phase of each m or-
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Figure 4.2: Radial mode shapes
The radial mode shapes of the first three components of the m = 4 modes at inlet,
at the plane of the vanes and at the exhaust. Also shown are patches that
represent the radial location of the vane actuators.

der component for each microphone. Different m orders appear as distinct spectral
lines frequency shifted due to Doppler effects. A set Bessel functions appropriate
to the m order is then fitted to the data in a least squares sense to obtain the radial
mode content.

Figure 4.2 illustrates the radial mode shapes for the inlet, vane and exhaust rake
locations.

The result of the rake processing is a set of complex spinning mode amplitudes
for the sound pressure at the rake locations. It is assumed that reflections from
duct terminations are negligible and that the spinning mode amplitudes represent
the amplitudes of modes propagating from fan to the duct termination, and then
radiating to the far field.
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4.2.2 Far Field Measurements

Although the reductions of sound level in the fan duct are of significance, the pri-
mary objective of fan noise control is the reduction of the noise radiated to ob-
servers in the far field.

The ANCEF rig was positioned in the center of the anechoic dome. The radiated
sound field is measured at an array of 28 microphones placed in the plane of the
fan duct and around a semicircle with a radius of 50 feet.

The far field data cannot distinguish individual spinning mode components. Nar-
rowband spectral analysis was used to detect all tonal components in the sound
field at each microphone and BPF, 2BPF and 3BPF components were extracted.
The far field data for each BPF tone can be used to determine the directivity of the
radiation pattern.

4.3 In Duct Sound Levels

4.3.1 Fan Interaction Modes

The baseline for all in duct sound levels is the sound generated by the fan only, with
the control system inactive. This was measured on several occasions and proved
to be very repeatable.

Figure 4.3 shows the inlet sound pressure data for measurements taken on four dif-
ferent occasions. Fan speed was 1800 RPM corrected. The result of the least squares
fit of the mode shapes to the data is also shown. The sound pressure pattern at the
inlet is dominated by the (4,1) mode; the pattern has a peak at mid span and a
node at about 0.84 of the radius that is close to the node of the (4, 1) mode (Figure
4.2). Figure 4.4 shows the fan only exhaust data.

4.3.2 1800 RPM results for the m = 4 fan interaction modes

A fan speed of 1800 RPM was chosen as the maximum useful operating speed of
the vane actuators. The results of a few experiments at the maximum fan speed
of 1886 RPM were disappointing, with power reductions of around 2 dB, possibly
due to lack of actuator authority. As results at the slightly lower speed of 1800 RPM
were repeatable and acceptable, it was decided to concentrate on tests at 1800 RPM
and lower. This section discusses in more detail the results at 1800 RPM and later
sections will briefly discuss the lower speed results.



ANCF Vane Actuator ANC 47

Fan Only Disturbance m=4 Inlet 1800 RPM
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Figure 4.3: Inlet rake fan only sound pressure for 1800 RPM
The fan only sound pressure at the inlet rake for 1800 RPM. Four data set taken on
different occasions. The +’s represent measured data. The lines are the result of a
least squares fit of the first three radial mode components to the measured data.
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Fan Only Disturbance m=4 Exhaust 1800 RPM
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Figure 4.4: Exhaust rake fan only sound pressure for 1800 RPM
The fan only sound pressure at the exhaust rake for 1800 RPM. Four data set taken
on different occasions. The +’s represent measured data. The lines are the result of
a least squares fit of the first three radial mode components to the measured data.
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Mode Power dB
Run | Sensors | Limit | (4,0) | (4,1) | m=4
2620 | Fan Only 96.0 | 107.8 | 108.1

2633 | ABCDEF | 0.5 92.8 | 100.8 | 101.5
2622 | BCEF 075 | 928 | 983 | 994
2632 | ABCDEF | 0.75 | 91.8 | 985 | 994
2634 | ABCDEF | 1.0 924 | 978 | 989

Table 4.1: Sound power levels of the m = 4interaction modes at the inlet rake for
1800 RPM

Inlet

The controlled sound pressures for several different control parameter configura-
tions is shown in Figure 4.5. The total power in the inlet duct m = 4 modes was
around 108 dB and control typically reduced the total power to 99 dB, a power re-
duction in the inlet of 9 dB. The controlled sound power in the modes for this data
set is given in table 4.1

The controller used was operated with an output constraint limit that was used to
prevent the actuator drive levels exceeding the capability of the power electron-
ics. In a typical experiment, the controller adapted to a solution with one or more
output channels at their gain limit, indicating that lack of control authority was
limiting the performance of the system (see Section 4.3.3). Several gain limits were
used in the experiments with gain limit of 0.5 corresponding to normal operation
(actuator drive current of around 85 mA rms) and a gain of 1.0 (170 mA rms) cor-
responding to the level at which actuator distortion becomes audible.

Run 2620 is the baseline fan only disturbance. Run 2633 is for a controller with
the limit set to 0.5 for the maximum output of each control channel. At control
convergence, all but actuator array 4 were constrained at their maximum limit in-
dicating that the controller had insufficient authority to completely cancel the fan
interaction modes.

When the controller output limit is increased to 0.75 in Runs 2622 and 2632, an
extra 2 dB in total power reduction is achieved. Again, all but actuator array 4
were constrained at their new maximum limit indicating that the controller still
had insufficient authority. When the controller output limit is increased to 1.0, Run
2634, there is a 0.5 dB improvement in total noise power reduction. Again, all
but actuator array 4 were constrained at their maximum limit. A control output
limit of 1.0 is considered the maximum feasible gain for the power electronics. At
this gain, amplifier distortion is significant and is subjectively apparent as third
harmonic distortion of the 2BPF tone (equivalent to a 6BPF tone).
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Figure 4.5: Controlled sound pressure, inlet, 1800 RPM
The sound pressure at the inlet rake for 1800 RPM for several different control

parameter configurations.
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A reduction in mode sound power of 6 dB would indicate that the controller has
canceled one half of the disturbance amplitude. As the controller can achieve 6 dB
of reduction at a control output limit of 0.5, it is expected that complete cancella-
tion should be possible with a control output limit of 1.0. However, the controller
produces a constrained optimization, and a poor condition number of the solu-
tion may explain this behavior. Unfortunately, the lack of reliable exhaust transfer
function data (see Section 4.3.3) makes evaluation of the true control authority limit
infeasible.

The controllers for runs 2622 and 2632 use different sensor arrays. Run 2622 uses
four sensor rings, B and C in the inlet and E and F in the exhaust. Run 2632 uses all
six rings, three in the inlet and three in the exhaust. As there are only four degrees
of freedom in the fan interaction (two modes in the inlet and two in the exhaust),
then four sensor rings are sufficient; no improvement in noise reduction is seen
when using six as opposed to four sensor arrays.

Exhaust

The controlled sound pressures for several different control parameter configura-
tions is shown in Figure 4.6. The total power in the inlet ducts modes was around
105 dB and control typically reduced the total power to 103 dB, although when con-
trol was targeted to the exhaust alone, a controlled power of 99 dB was observed.
The controlled sound power in the modes for this data set is given in table 4.2

Run 2707 is the baseline fan only. Run 2708 is for a similar condition to the data
for run 2633 described above for the inlet. All six sensor arrays were used. As the
inlet levels are higher than the exhaust levels, and the control output is at its max-
imum limit, the reductions in the exhaust are modest. The controller concentrates
its effort on the inlet modes and reduces power in the inlet and exhaust so that they
have both approximately the same controlled level. The effect is to reduce the inlet
power more than the exhaust power.

When the controller is allowed to target the exhaust modes exclusively, slightly

Mode Power dB
Run | Sensors | Gain | (4,0) | (4,1) | m=4
2707 | Fan Only 97.7 | 1044 | 1053

2708 | ABCDEF | 05 | 94.6 | 102.1 | 102.8
2709 DEF 05 | 914 | 97.7 | 986

Table 4.2: Sound power levels for the m = 4 interaction modes at the exhaust rake
for 1800 RPM
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Figure 4.6: Controlled sound pressure, exhaust, 1800 RPM
The sound pressure for the m = 4 interaction modes at the inlet rake for 1800 RPM

for several different control parameter configurations.
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better control is achieved. Run 2709 is the result of controlling just the three exhaust
sensor arrays. The control does not ‘nail’ the modes and is not output limited; the
control solution is within the maximum output limit of 0.5.

4.3.3 Control Authority Estimates

A major concern during the project was whether the maximum output of the vane
actuators was sufficient to control the fan interaction modes. Predictions, based on
simulations 2.9 suggested that the actuators would have just enough displacement
to control the fan at full speed. However, although 9 dB total power reductions
are possible, the initial data for 1800 RPM and other fan speeds suggests that ei-
ther there is insufficient control authority to ‘nail’ the modes or that control modal
spillover is generating an artificial noise floor.

In order to determine the level of actuator output that would be required to com-
pletely cancel the fan interaction modes, experimental data was taken of the re-
sponse of the modes to individual actuator arrays; that is the controller transfer
functions from actuator array inputs to complex mode amplitudes, with each of
the four controller channels activated in turn.

There were two issues in the measurement of these transfer functions. In order
to get a good signal to noise ratio, it would be preferable to measure the acoustic
modes of the actuator with no fan noise, that is with the fan not running. However,
it was discovered that the fan has a large impact on the sound field generated by
vane actuators. The fan blade are only 2.25 inches from the stator vanes. When a
fan blade is close to a given stator vane, the sound from the actuators in that vane is
reflected from the surface of the blade. The total effect is a sound field that is very
sensitive to the rotational position of the fan. It was found that by running the fan
at idle, a repeatable modal transfer function could be measured, and it is assumed
that the effect of the fan location is then randomized and averaged.

The mean flow of air through the duct also has an effect on acoustic mode propaga-
tion with upstream modes being shifted to higher wavenumbers and downstream
modes being shifted to lower wavenumbers. To include the effect of mean flow
on the measurements, the fan was run at approximately 90 percent of the nominal
speed and the actuators were driven by a tone equivalent to 2BPF at full speed.

The second concern was that if fan location has such an impact on the acoustic
modes produced by the vane actuators, that when the actuators are synchronized
to the fan rotation the resulting sound field would not simply be the superposition
of the fan interaction sound field and sound field due to the actuators with the fan
atidle. The synchronization of fan and actuators would put a fan blade at the same
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phase location with respect to the cycling of the signal of a vane actuator, locking
the fan phase in a given location. A phase-locked fan could exhibit the same char-
acteristics of a stationary fan, that is the sound field produced could be dependent
of the initial phase between actuator and fan. There were some initial indications
that a non-linear effect was indeed present; data for actuators only when summed
to data for fan only did not equal the data for synchronized actuators and fan.

A set of experiments designed to demonstrate this phenomenon were performed.
The actuators were run at a fixed amplitude synchronously with the fan 2BPF. The
phase of the actuator signals were then switched though four quadrants and the
mode data were taken for each condition. Figure 4.7 plots the resulting inlet and
exhaust data. The data for the four quadrants of phase form an approximate square
centered on the point that represents the fan only sound field. This demonstrates
that there is no significant phasing effect on the amplitude of the modes generated
by the actuators.

Having determined that there is no significant fan phasing effect, the actuators ar-
rays (controller channels) were run individually. The control signal was equivalent
to the 2BPF tone at 1800 RPM but the fan was run at idle or at 90% of nominal
speed.

Figure 4.8 shows the sound pressures at the inlet rake for each actuator array. The
two tip actuators arrays Al and A2 couple mostly into the (4,0) mode and the two
hub actuator arrays A3 and A4 couple mostly into the (4, 1) mode. The amplitude
of the response due to the hub actuators is larger as these are the arrays with two
actuators per vane.

The transfer functions are collected into a matrix C;

C = [Ci,(zl,()),l €i,(4,0),2 €i,(4,0),3 Cz’,(4,0),4]
;=
Ci(41),1 G,4.1),2 Ci(4,1),3 S,@41),

where ¢; (40,1 is the measured complex mode amplitude of the inlet (4,0) mode
generated by actuator array Al and so on.

The fan only interaction modes are collected in the vector d; where

d
d; = [d.’(“’)]
1,(4,1)

If the controlled mode amplitudes in the inlet are r; then
r; = C,‘x + di

where x is the vector of complex amplitudes of the control signals. This transfer
function formulation should enable the prediction of controlled mode amplitudes
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(4,0) Inlet (4,1) Inlet

(4,0) Exhaust (4,1) Exhaust

Figure 4.7: Mode amplitudes for a fixed control signal swung though four quad-
rants of phase.

The complex mode amplitudes for a fixed control signal set swung though four
quadrants of phase. The four points form a square centered on the fan only noise.
Fan speed 1800 RPM. Control set 1+2-3-4; limit 0.5. Inlet runs 2697 to 2700.
Exhaust runs 2668 to 2671.



ANCEF Vane Actuator ANC 56

Individual Control Channels m=4 Inlet 90% of 1800 RPM

Real SP (Pa)

L ] | 1 I ] ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Radial Location / Radius

i
1,

5 T ﬁ' 13 T T ) T l )
o) -f
& .
5 o s :
Yo} b
B g
E :

-5 ! ) ! 1 L | L L )

0 01 02 03 04 05 06 07 08 09 1

Radial Location / Radius

Figure 4.8: Modal response to individual actuator arrays for the inlet
Modal response to individual actuator arrays for the inlet. Excitation at the
equivalent of 2BPF at 1800 RPM and the fan at 90 % of that speed.
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Actuator Array Superposition m=4 Inlet 90% of 1800 RPM
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Figure 4.9: Inlet superposition validation
Validation of the principle of superposition for the measured individual actuator
array mode transfer functions in the inlet.
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for any set of control signals x. A suitable test of this is to compare the measured
result of running all actuators at the same time with the sum of the individual
measurements for each array. Figure 4.9 shows that this superposition assumption
is valid.

The control signal vector that exactly cancels the fan interaction vector can now
be found by inverting the transfer function matrix C. As C has two rows (corre-
sponding to the two radial modes in the inlet) but four columns (corresponding to
the four actuator arrays, it has many inverses. Of all the inverses of C, we would
like to find the one that results in the smallest control vector z. One solution is to
use the pseudo inverse of C [10] denoted by C* when the required control vector
is

X; = C+di

When this is done for the inlet data at 1800 RPM, the maximum absolute value
of the control vector is 0.99. This would indicate that a control output limit of 1.0
should be sufficient to ‘nail’ the modes in the inlet.

Unfortunately, a similar set of calculations for the exhaust duct, is not possible. One
data set was taken at 90% speed, but it failed the superposition quality check. There
were indications in the data of intermittent phase shifts between the controller sig-
nal and the rake data processing. This occurred only when the rake data processing
received a clock signal driven from the test equipment, as shown in 3.3, as opposed
to the normal method of clocking the rake from the fan shaft encoder. This was
believed to have been solved by using an isolating signal transformer between the
rake processing input and the controller.

As therake processing uses a clock signal that is four times the period of the control
clock signal, shifts of 90 degrees were sometimes observed as a clock pulse was
missed by either the controller or the rake data processing. However, a possible
phase shift of 45 degrees was observed in this exhaust data set, Figure 4.10, for
which no explanation could be formed.

The relative phase of the inlet and exhaust modes is a key determiner of the re-
quired control authority. As the phase of the exhaust mode transfer functions is
thrown into doubt by the failure of the superposition test, it was also not possi-
ble to predict the control authority required to simultaneously control inlet and
exhaust modes.
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Inlet Exhaust

RPM 40) 1 41) | m=4 | 40| 41) | m=4
1800 Fan Disturb | 96.0 | 107.8 | 108.1 | 96.6 | 104.5 | 105.1
controlled | 91.8 | 985 | 994 | 923 | 1009 | 1015

Fan Disturb | 971 | 106.5 | 107.0 | 93.2 | 105.1 | 105.4
controlled 923 11009 | 1015 | 94.6 | 1016 | 1024

Fan Disturb | 90.7 | 107.5 | 107.6 | 89.3 { 104.1 | 104.3

1700

1600 controlled | 879 | 101.3 | 101.5( 90.3 | 994 | 999
1500 Fan Disturb | 90.8 90.8 | 95.2 | 909 | 96.5
controlled | 73.0 73.0 | 90.1 | 813 | 90.7
1400 Fan Disturb | 103.4 1034 | 96.8 96.8
controlled | 83.9 839 | 86.9 86.9

Table 4.3: Acoustic mode powers for the fan interaction and the controlled sound
fields for lower RPM. (Gain limit 0.75)

4.3.4 Lower Fan Speeds

The results of applying control at lower fans speeds were similar to those for 1800
RPM. Four additional fan speeds were investigated 1700, 1600, 1500 and 1400 RPM.
The data are summarized in Tables 4.3. When the speed falls to 1500 RPM, only one
fan interaction mode can propagate in the inlet and at 1400 RPM only one mode in
can propagate in the exhaust. At these speeds the four actuator arrays have more
than enough authority to cancel the inlet mode. Of note, however, is the inability
of the system to produce large reductions in the exhaust.

The data from Table 4.3 is also shown in Figures 4.11 and 4.12. The darker bars in
these figures represent the fan only disturbance levels of the (4,0) and (4, 1) modes
and their combined power. Superimposed are lighter bars that show the residual
levels.
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4.4 Spillover

44.1 The Causes of Spillover

The vane actuator ANC system relies on the mechanism of source mode matching.
The system aims to generate the same modes as the fan/stator interaction distur-
bance and to generate only those modes, and it does this by phasing the control
signals to the actuators in order to spin the specific modes required. The residual
sound caused by errors in the matching of the modes is called spillover.

Spillover is a common feature of modal control systems and comes in two flavors,
observer spillover caused by limitations in sensing and control spillover caused by
limitations in actuation.

The most important source of spillover in the vane actuator ANC system is control
spillover in the form of contamination of the mode generation of the source array
by errors in the array processing. The most common source of these errors is dif-
ferences in the sensitivity (in both magnitude and phase) of the actuator elements
that make up each array.

In a perfect system, the differences in the sensitivity of elements would be com-
pensated by calibration of the array processing system. Each element of an array
requires a separate adjustment of both the gain and phase of its input signal.

For the vane actuator ANC system, the ideal location to introduce calibration of
the 168 actuators, was in the unique signal path to an individual actuator. Un-
fortunately, as two actuators shared a common power amplifier, the only unique
signal path was the high voltage lead at the amplifier output. A high voltage po-
tentiometer would be bulky and would draw a lot of electrical power and so was
deemed impractical for our application and an alternative method using trimming
capacitors was developed.

The vane actuators present a capacitive load to the amplifiers which are current
sources. A high voltage trim capacitor placed in parallel with an actuator can be
used to shunt some of the current and equalize the sensitivity of an array of actua-
tors to the sensitivity of the weakest element. As the amplifiers have a power limit,
reducing the sensitivity of array elements also reduces their maximum response.
During the experiments, maximizing the response of the actuators had a higher
priority than minimizing spillover and the trimming capacitors were not used.

Additional calibration was possible at the input to each power amplifier, Figure 3.2.
At this point in the control loop there were 84 low voltage signals, each of which
supplied a power amplifier for two individual actuators. For vane actuators #1
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Sound Power Level (dB)
Actuator Gain m=4 m#4 Total Spillover RunNo
#1 0.5 95.6 88.7 964 —6.9 2680
#2 0.5 93.9 884 950 5.5 2681
#3 0.5 101.2 834 1012 -178 2682
#4 0.5 99.2 90.0 997 -9.2 2683
all 025 985 926 995 -5.9 2684
all 05 104.1 98.1 105.1 —6.0 2685
all 0.75 106.6 100.8 107.6 -5.8 2686
all 1.0 1073 101.6 108.4 =5.7 2687

Table 4.4: Spillover in the inlet at 1 kHz

and #4, one amplifier powered actuators on vanes diametrically opposite to each
other. For vane actuator pairs #2 and #3, and #5 and #6, each amplifier powered the
appropriate pair on individual vanes. A potentiometer at the input to each power
amplifier was trimmed to approximately equalize the output of the actuators in
each array, with the limitation that pairs of actuators could not be individually
calibrated, only trimmed as a pair.

A further layer of possible calibration was at the array processing (digital phase
shifter), where the gain and phase of the 28 array output signals could be adjusted.
This calibration layer was not used during the experiments.

In order to assess the degree of control spillover from the actuator arrays, each
array was activated in turn with the fan running at 90% of full speed. The rotating
rake data acquisition system was synchronized to the 1 kHz signal driving the
actuators. In this way, the rake processing averaged out unsynchronized fan tones
leaving just the sound due to the actuators.

Table 4.4 shows the spillover for each actuator array in the inlet. Three sound
power measurements are shown, the power in the target m=4 modes, the power
in all other circumferential modes and the total power in the 1 kHz tone. The
spillover column is the ratio of the power in the unwanted modes to the power in
the target mode.

The spillover for each actuator array varies as each array has a slightly different
calibration. Array #3 is the best with a spillover of -17.8 dB. Array #2 is the worst
with a spillover of -5.5 dB. The mode mix for of these two cases is shown in Figures
4.13 and 4.14.

Table 4.4 also shows the spillover for the set of all actuators run together which
gives a measure of the average over the set and the spillover that might be ex-
pected when all four arrays are used to control a disturbance mode. (The exact
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Figure 4.13: Mode mix for actuator array #2 at 1 kHz in the inlet.
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Figure 4.14: Mode mix for actuator array #3 at 1 kHz in the inlet.
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Sound Power Level (dB)
Actuator Gain m=4 m#4 Total Spillover RunNo
#1 05 8.8 8.1 885 0.7 2688
#2 0.5 927 844 933 83 2689
#3 0.5 949 860 954 -89 2690
#4 05 964 835 96.7 -—12.9 2691
all 025 95.0 91.8 96.7 3.2 2692
all 0.5 1005 97.7 1023 2.8 2693
all 0.75 1029 996 1046 —3.3 2694

Table 4.5: Spillover in the exhaust at 1 kHz

spillover during control will depend on the control solution and the exact mix of
actuator arrays used. The mix used here was chosen to be close to observed control
solutions.) The level of drive signal to the actuators was varied to determine how
the level of spillover changed with drive level, with a gain of 0.5 corresponding to
normal operation (85 mA rms) and a gain of 1.0 (170 mA rms) corresponding to the
level at which actuator distortion becomes audible. The average spillover is -6 dB
and surprisingly does not increase when the actuators are over driven.

Table 4.5 shows the spillover for each actuator in the exhaust. As we have the
same experimental conditions as for the inlet spillover data, the actuators are being
driven by the same signal into the same flow condition, we might expect that the
spillover in inlet and exhaust be the same. However, this is not the case.

The acoustic modes in the inlet and exhaust are driven by the same source mech-
anism under the same condition. In the plane of the vanes, the source mechanism
must have the same spillover characteristics in each case and so the differences be-
tween inlet and exhaust must be in the propagation from the source to the rake
planes. In addition, the propagation path must be different for different modes to
account for the difference in ratios of m=4 modes to other modes in the spillover
measure. Causes of the difference in propagation might include differences in
mode impedance due to the different duct cross-sections, difference in reflection
(and radiation) properties at the exit planes and also difference in coupling due to
the orientation of the source dipoles.

That the vanes generate different sound levels in inlet and exhaust can be seen in
the levels of the target m=4 mode power levels which are typically 3 dB higher
in the inlet. This also is the typical difference in level for the fan only distur-
bance in these modes which is perhaps not surprising as both vane actuators and
blade/ stator interaction generate sound from the same source region.

In table 4.5, actuator array #1 has by far the worst spillover at =-0.7 dB. The mode
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Figure 4.15: Mode mix for actuator array #1 at 1 kHz in the exhaust.
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Figure 4.16: Mode mix for actuator array #4 at 1 kHz in the exhaust.
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mix for this array, together with that for array #4 is shown in Figures 4.15and 4.16.
The poor spillover performance of #1 is almost certainly due to the m=4 level which
is the lowest of any array and is close to the noise floor which is 85 dB for this data
set. The other three arrays have less than -8 dB spillover which is comparable to
the spillover of individual arrays in the exhaust.

Also shown in Table 4.5 are the spillover levels for all the actuators run together
at different gain levels. As before the spillover is the same for low and high drive
levels, but at an average of -3 dB is far higher than might be expected from the
contributions of the individual arrays. In fact, the spillover power for all actuators
run together at 97.7 dB is higher that the coherent sum of the spillover power for
each actuator which is 96.8 dB. We might expect the modal response of non-target
modes to each actuator array to be random in magnitude and phase and hence for
the spillover powers to add incoherently (the incoherent power sum is 90.9 dB).
This is a puzzle.

A possible explanation is error in the method of calculating spillover power for
different absolute power ranges. The response to individual actuators is lower
and more mode levels are below the noise threshold and so are not counted in the
spillover total. The combined response brings those discounted modes above the
noise threshold and so they are then counted, leading to a large jump in calculated
spillover.

4.4.2 The Effects of Spillover

Control spillover degrades the performance of the noise control system. How much
it degrades the performance depends on the performance measure (target mode,
total sound power (in-duct) or radiated sound power) and also on how the control
system determines its solution.

The control system gathers its knowledge about its own performance from its sen-
sor arrays. Limitations in the ability of the sensor arrays to measure the modal
content of the sound field are the manifestation of the second flavor of spillover,
observer spillover. Observer spillover typical occurs due to calibration errors in
sensor arrays (but can also occur due to spatial aliasing, which is also a potential
source of control spillover).

The accuracy of the rotating rake measurement system used to present perfor-
mance results for the in-duct sound field, means that observer spillover is not an
issue for the presentation of in-duct results. However, observer spillover could be
an issue with the sensor arrays used by the control system. These arrays were de-
signed to filter the m = 4 modes (in practice only 8 sensors were used in each array



ANCF Vane Actuator ANC 68

and so the filter was sensitive to both m = 4 and m = —4 modes), and calibration
errors would lead to other modes being superimposed on the measurement.

An ideal sensor array, perfectly tuned to the target mode, would cause the control
system to optimize its performance to reduction of the target mode, even in the
presence of control spillover. The resulting control solution may produce very good
reductions of the target modes, but have poor reductions in the total sound power
due to the generation of the spillover modes by the actuators.

A sensor array subject to observer spillover will prevent the control system from
achieving a true minimum in the sound power of the target modes. However, if the
spillover makes the array more sensitive to total power in the tone, the reductions
in total power may be greater with spillover than with a perfectly tuned sensor
array. In the limit of a sensor that is a total power sensor, the control system will
optimize its performance to the reduction of total power, even in the presence of
control spillover. Of course, the reduction achieved will be determined, and be
limited by, the control spillover.

A little analysis can clarify these conclusions. Assume that the fan/stator interac-
tion generates a single target mode of amplitude mg and a single spillover mode of
amplitude ng. The total power of the disturbance P will be

P0=mg+n(2)

Assume that the actuator arrays generate a target mode amplitude of m; and a
single spillover mode of amplitude n; and that there is a single control gain a such
that the residual target mode amplitude is mg — am;. The residual power P, will
then be (assuming that the two spillover modes are not coherent)

P, = (mg —am;)? + aznf + ng

The target mode is eliminated if
mg—am; =0

However, this results in a residual total power

n
P1=m—12mg+ng=am%+ng
1

2

where o is the spillover measure —. The residual total power is minimize if

my

a(m% + n%) —mgmi =0
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resulting in the smaller residual total power

Q+o0)2 0 1+0)2 "

P = +n(2)= m%+ng

1+0

Note that at the condition of minimum total power, the power in the control spillover
is greater than the power in the target tone by a factor of 0. Given a o of -6 dB for
the inlet and -3 dB for the exhaust we would expect reductions in total power to be
-6 dBin the inlet and -3 dB in the exhaust if the sensor arrays were perfectly tuned
to the target mode. For total power sensors we would expect reductions in total
power of -7.0 dB in the inlet and -4.8 dB in the exhaust.

Tables 4.6 and 4.7, and Figures 4.17 and 4.18, give measured disturbance and resid-
ual sound power levels in the inlet and exhaust for the target m = 4 mode, the
spillover modes and the total 2BPF tone for a range of fan speeds. As expected, in
all cases, the spillover power increases in the controlled sound field and the resid-
ual m = 4 level is less than the residual tone level. For example, figure 4.20 shows
the measured modes at the inlet plane for 1800 RPM with the control system on.
Contributions from spillover modes can be seen at m = 2,5,7and m = 8. That
these must have been generated by the actuators can be seen by comparison with
the control off condition shown in 4.19 which shows the dominant m = 4 modes
due to fan/stator interaction with little or no spillover. Data from other speeds and
conditions is similar.

In the inlet, the residual tone power at 1800 RPM level, at -6.4 dB, is consistent
with the measured spillover. However, the target tone power is still greater than
the spillover power and so control spillover is not limiting performance. In the ex-
haust, the residual tone power is greater than would be expected from the spillover
measurement.

Something other than control spillover is limiting performance in the inlet and
exhaust. As discussed before, the limit in the exhaust may be simply the power
balance between inlet and exhaust, exhaust performance is limited because inlet
performance is limited. The limitations in the inlet may be due to actuator power
limitations or perhaps misadjustment in the control solution due to either insuffi-
cient convergence time, random control perturbations or control sensor errors.

At lower fan speeds, at 1400 and 1500 RPM, the tonal power is significantly re-
duced and its residual level is comparable to the level of the spillover modes. This
suggests that control spillover is slight at these speeds but that spillover is the lim-
iting factor on performance. The spillover may be smaller simply because fewer
modes are cut-on at the 2BPF frequency.
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RPM

m=4
Off On

+

Off

Tone
On

+

m#£4
Off On

+

1400
1500
1600
1700
1800

103.4 839 -19.6 | 103.5

908 730 -17.8| 919
1076 1015 —6.1 | 107.7
107.0 101.5 -—5.5|107.1
108.1 994 8.7 | 108.2

894 -14.1

89.3
101.8
102.8
101.8

84.0 88.0

—2.6 | 85.5 89.3
-5.9191.0 90.9
—4.3 1916 93.9
—-6.4]93.1 981

+4.0
+3.8
-0.1
+2.3
+5.0

Table 4.6: Controlled Power Levels of m=4 tone, spillover and 2BPF tone in the
inlet for a range of fan speeds.

m=4

RPM | Off On

+ Off

Tone
On

+

m#4
Off On

+

1400 [ 96.8 86.9
1500 | 96.5 90.7
1600 | 104.3  99.9
1700 | 105.4 102.4
1800 | 105.3 102.9

-99| 971 86.9
=59 96.8 94.8
—4.4 | 104.3 100.7
-2.9 11055 103.5
-2.4 | 1054 103.4

—-10.2
-2.0
-3.6
-2.0
-2.0

85.8 86.9 +1.1
84.8 92.7 +7.9
86.1 93.2 +7.1
91.7 96.9 +5.2
89.5 93.8 +4.3

Table 4.7: Controlled Power Levels of m=4 tone, spillover and 2BPF tone in the
exhaust for a range of fan speeds.
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Figure 4.17: Spillover in the inlet.
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Figure 4.18: Spillover in the exhaust.
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4.5 Far Field Testing

4.5.1 2BPF Tone Reduction

The 2BPF tone was the targeted fan interaction for the experiment. Far field sound
pressure levels for the 2BPF tone were taken for several fan speeds from 1400 RPM
to 1800 RPM. Levels were recorded with the control system on and off. This data is
presented in figures 4.21 to 4.25. The results vary with speed, but reductions were
observed at all of the fan speeds tested.

At 1800 RPM, the maximum SPL was reduced from 81 dB to 76 dB. In the band
of peak fan interaction radiation, which occurs in a band from 40 to 80 degrees, a
control reduction of between 14 dB and 5 dB is obtained. The doubling of controller
gain from 0.5 to 1.0 had slight impact on performance.

At 1700 RPM the reduction in maximum SPL is modest. However, reductions of
about 10 dB are obtained in a band from 20 to 40 degrees and again at the exhaust
lobe at 130 degrees. The doubling of controller gain again has slight impact on
performance.

At 1600 RPM maximum SPL was reduced from 76 dB to 72 dB. A broad arc of
reductions of about 6 dB is obtained from 40 to 140 degrees.

At 1500 RPM the reduction in maximum SPL is from 72 dB to 66 dB. An arc of
reductions of between 5 dB and 15 dB is obtained from 50 to 100 degrees.

As expected at 1400 RPM, the reduction in maximum SPL is very good from from
76 dB to 61 dB with a broad arc of reductions of over 5 dB for most of the arc of the
main lobe of radiation. At this speed only one fan interaction mode can propagate
in the inlet and one in the exhaust.
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Figure 4.21: Far field sound pressure levels, 2BPF, 1800 RPM, corrected to 40 ft.
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Figure 4.22: Far field sound pressure levels, 2BPF, 1700 RPM corrected to 40 ft.
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Far Field Sound Pressure Levels 2BPF 1600 rpm
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Figure 4.23: Far field sound pressure levels, 2BPF, 1600 RPM corrected to 40 ft.
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Far Field Sound Pressure Levels 2BPF 1500 rpm
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Figure 4.24: Far field sound pressure levels, 2BPF, 1500 RPM corrected to 40 ft.
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Far Field Sound Pressure Levels 2BPF 1400 rpm
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Figure 4.25: Far field sound pressure levels, 2BPF, 1400 RPM corrected to 40 ft.
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4.5.2 BPF and 3BPF

A curious feature was observed when the far field sound pressure data for the BPF
and 3BPF tones were analyzed. Although the control effort was exclusively di-
rected towards controlling the 2BPF tone (BPF and 3BPF tones were filtered from
the microphone signals and so the controller could know nothing of them) reduc-
tions were consistently observed in these other tones as shown in Figures 4.26 and
4.27 for a range of fan speeds.

The second explanation is that the cause is physical. The vane actuators are acting
at the location of the disturbance forces. As these are caused by the fan wake being
swept over the surface of the stator vane, it is possible that there is some non-
linear frequency shifting effect such that reducing the major 2BPF component of
the sound changes the way that a fan wake interacts with a vane. It is believed that
the fan/stator interaction process is non-linear and that the vane actuators act a
sources of acoustic waves and do not significantly effect the forces generated by the
fan wakes or significantly reduce the effect volume deficit. However, the BPF and
3BPF data suggests that further investigations of a possible non-linear interaction
between vane actuators and the physical mechanisms of fan/stator interaction may
be justified.
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4.5.3 Reduced System Tests

The location of the actuators on the vane places them at the same location as the
disturbance source of sound, the unsteady forces on the vanes caused by the fan
wakes. As both the disturbance sources and the control sources are in the same
approximate location and are both dipoles, they will both couple with the duct
acoustics in approximately the same way. If the actuators could be placed in ex-
actly the right location it may be possible to simultaneously control with actuator
arrays at a single axial location, the disturbance modes propagating to both inlet
and exhaust. '

As an experimental investigation of this effect, in duct data was taken for control
systems using reduced numbers of actuator arrays. The results are summarized in
Tables 4.8, 4.9 and 4.9.

The leading edge pair of actuators arrays, Al and A3, (vane actuators #1, #2 and
#3) when used alone, reduce the inlet mode power by 2.9 dB and the exhaust mode
power by 5.6 dB. The trailing edge pair of actuator arrays, A2 and A4 (vane actu-
ators #4, #5 and #6) reduce the inlet mode power by 5.8 dB and the exhaust mode
power by 0.1 dB. In both cases, control of four modes by two actuator arrays has
resulted in a total mode power reduction. The tip actuator arrays, Al and A2, can-
not get control of both inlet and exhaust, and although the controller indicated that
there was modest reduction at the sensor arrays, there was an overall increase in
total power.

The difference in performance between leading and trailing edge will be due to the
different way that the actuator arrays couple with the modes, and it is interesting
to note that the leading edge pair did better on exhaust modes and the trailing
edge pair did better on inlet modes. Perhaps a perfectly sited pair of actuators (at
mid chord?) could couple equally well with both inlet and exhaust with the correct
phase to substantially reduce both mode powers. The poor performance of the tip
arrays suggests that for actuators matched in location to the source, radial arrays
are better than axial arrays. This would make sense if the actuators were matching
the source which is effectively a distributed band of fluctuating force along the
radius of the vane.

These encouraging results suggests further investigation is justified, of the effect of
location of actuators on performance.

The last but one line of the tables is the performance of an array condition that sim-
ulates failure of a number of the actuators. A random sample of ten actuators were
disconnected to simulate failure. The effect is expected to be a reduction in the con-
trol authority and probably more importantly an increase in modal spillover. As
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expected, there was a reduction in performance, but there the controller maintained
a net power reduction in both inlet and exhaust.
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Inlet Exhaust
Condition 40 | 41) | m=4 | 40) | 41) | m=4
Fan Only 969 | 108.6 | 1089 | 97.7 | 1044 | 105.3

Leading Edge | 100.3 | 104.6 | 106.0 | 91.3 | 989 | 99.6

Trailing Edge | 88.5 | 1029 | 103.1 | 92.8 | 104.9 | 105.1

Tip Pair 104.1 | 108.0 | 109.5 | 101.3 | 104.2 | 106.0
Random Set | 97.6 | 104.0 | 1049 | 93.3 | 1014 | 102.0
All Actuators | 924 | 978 | 989 | 923 | 1009 | 101.5

Table 4.8: Acoustic mode powers for the fan only and the controlled residual sound
fields for reduced order control systems. Fan speed 1800 RPM

Inlet Exhaust
Condition (40) | 41) | m=4 | (4,0) | 41) | m=4
LeadingEdge | -34 | 40 | 29 | 64 | 55 | 56
Trailing Edge | 85 | 57 | 58 | 49 | -05 | 0.1
Tip Pair 72| 06 | 06 | -36 | 02 | -08
Random Set | 0.7 | 46 | 40 | 44 | 3.1 | 33
All Actuators | 45 | 108 | 100 | 52 | 35 | 38

Table 4.9: Mode powers reductions for reduced order control systems. Fan speed
1800 RPM



Chapter 5

Conclusions and
Recommendations

5.1 Summary Conclusions

An active control system for ducted fan noise that uses vane actuators has been
shown to be feasible. The vane actuator ANC system reduced total power levels in
the target modes by up to 9 dB in the inlet and in the tone by over 6 dB while at the
same time exhaust power levels were reduced by up to 3 dB.

A simplified control system with just two actuator arrays at different radial loca-
tions was demonstrated to simultaneously reduce tonal power in both inlet and
exhaust.

The requirements of a vane actuator for the ANCF was a device that could be in-
stalled in a vane and produce displacements of over 0.001 of an inch at 1 kHz. An
actuator based on THUNDER technology was built that met these requirements. A
total of 168 actuators were installed in 28 vanes. They proved to be very robust,
none of the actuators failed during the six weeks of testing. The sensitivity of the
actuators was uniform across the batch; with minimal calibration control modal
spillover was kept to around -10 dB.

5.2 Comments and Recommendations

The control system tested did not have sufficient control authority to reduced the
level of the 2BPF tone to the level of the broadband background. The main cause

85
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of this was the limited output of the power amplifiers. The conservative linear
amplifier design used an Apex PA85 operational amplifier limited in peak output
to 150 V, limiting the rms output to 100 V. The vane actuators are believed to be
able to withstand maybe twice these levels. With these higher drive voltages the
vane actuators would have sufficient authority to ‘nail’ the ANCF tones.

The level of displacement required for an engine application has been estimated
to be up to 20 dB higher than that demonstrated. While admitting that this would
be a challenge for the current design of actuator, there is room for improvement.
Thinner PZT material than that used is available (displacement output is inversely
proportional to PZT thickness with all other actuator parameters fixed). It should
also be possible to improve the actuator design by more prototype experimenta-
tion with different dimensions and materials. As part of the limitation in output
levels is due to inconsistencies between actuators (through the need to set the res-
onance frequency high and to detune an array to the performance of the weakest
element), improvements in the quality of the manufacturing process will also lead
to improvements output level. With this justification, and including the higher
drive levels possible from an improved power amplifier design, it is reasonable to
assume that a ten times increase in output is possible.

The second limitation on performance was spillover. The ability of the actuator
arrays to control the fan interaction modes was reduced by the difference in sen-
sitivity of the elements of the array. In the test only minimal calibration of the ac-
tuators was performed as exact acoustic calibration was problematic. The acoustic
calibration device designed for the vane actuators proved to be difficult to use and
suffered from acoustic cross talk between microphone cavities. As the performance
of the system in terms of the objectives of these test was acceptable, no attempt was
made to improve the calibration (this is best done on individual vanes before in-
stallation in the duct). It is reasonable to assume that some system performance
would ensue from an improvements to both the manufacturing batch uniformity
and to the acoustic calibration procedure.

The lack of performance in the exhaust duct did not seem to be due to lack of con-
trol authority or control spillover in the exhaust. This is certainly partly due to the
lower power levels in the exhaust; a least squares control system will tend to equal-
ize levels between inlet and exhaust. The exhaust performance maybe limited by
control spillover in the inlet, which will set the floor in the least squares control cost
function. As other systems, using the same sensors and vane settings, have been re-
ported to experience similar difficulties, a plausible explanation is that the problem
lies with some difficult physics of the duct. There is a cross-sectional transition that
occurs just before the exit plane where the center body increases in size from a hub
tip ratio of 0.35 to 0.5. The axial phase speed of the fan interaction modes will vary
as they propagate through this section and perhaps they mix in some pathological
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way at the exhaust sensor arrays. As real engine ducts have similar transitions in
cross section, further investigation of the cause of this problem is justified.

One encouraging result was the performance of the simplified control system. A
claimed strong benefit of vane actuators are that they act at the source of the dis-
turbance. This was assumed to give some benefit in terms of efficiency. If both
fan interaction and control sources are at a the same location and are both dipole
sources, then they should couple with the duct acoustics in the same way. From a
small and defined region, the fan interaction generates, in this case, four indepen-
dent acoustic modes, two in the inlet and two in the exhaust. A correctly placed
pair of control actuator arrays might couple to these four modes in a similar way,
enabling two actuator arrays to control four modes. As engine applications have
many fan interaction radial mode components, this efficiency of vane actuators
could prove to be necessary for the practical application of ANC.
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